The IE1/2 transcriptional control region of human cytomegalovirus (HCMV) drives the expression of the HCMV major immediate-early genes (UL123-122), which encode proteins crucial for initiation of the virus replicative cycle. Nucleotide sequence polymorphism in this region of the viral genome could account for variations in the replication of HCMV wild-type strains. In order to test this hypothesis, the constitutive transcription-enhancing activity of the IE1/2 transcriptional control region derived from 12 clinical isolates of HCMV was compared. This was done by PCR amplification of the respective elements followed by cloning up-
Introduction
Human cytomegalovirus (HCMV), a member of the herpesvirus family, is a severe pathogen in patients with immature or compromised immune systems. HCMV infection can result in a wide variety of clinical manifestations, with symptoms ranging from mild fever to life-threatening interstitial pneumonia (for a review see Britt & Alford, 1996) . Although the competence of the patient's immune system plays a key role in determining the outcome of HCMV infection, it has been hypothesized that differences in virus pathogenicity could also account for variations in clinical outcome (Brown et al., 1995 ; Lehner et al., 1991 ; Fries et al., 1994) . For instance, it has been shown that clinical isolates of HCMV carry at least 19 additional genes not found in laboratory strains (Cha et al., 1996) . The deletion of these genes in the laboratory-adapted strains AD169 and Towne correlates with differences in replication and an attenuated phenotype after inoculation of human volunteers (Brown et al., 1995 ; Plotkin et al., 1989) . A genotyping scheme for HCMV strains Author for correspondence : Thomas Stamminger. Fax j49 9131 8522101. e-mail tsstammi!viro.med.uni-erlangen.de stream of a β-globin reporter gene. After transient expression in various cell types, including human teratocarcinoma cell lines, and quantification of RNA levels, the activating function of this complex ciselement was shown to be strongly conserved. This was mirrored by high nucleotide sequence conservation, even within the so-called modulator region. This strong evolutionary conservation of sequence and of transcription-enhancing function strengthens the assumption that the IE1/2 transcriptional control region plays an essential role in initiation of the HCMV replicative cycle.
has been proposed based on the nucleotide sequence of a variable region around the protease cleavage site of glycoprotein B (gB) (Chou, 1992 c) . In a study of bone marrow transplant recipients the gB genotype was found to correlate with the clinical outcome of HCMV infection (Fries et al., 1994) , whereas another study of renal transplant patients failed to confirm such a correlation (Vogelberg et al., 1996) .
Although the existence of polymorphism in nucleotide and amino acid sequences is now well documented for several genomic regions of HCMV wild-type strains (Chou, 1992 a, b, c ; Brytting et al., 1992 ; Lehner et al., 1991) , there is little indication whether such differences affect the function of cis-acting sequences or encoded proteins. Therefore, we decided to perform a comparative analysis of the function of an important cis-acting control element of the HCMV genome, the immediate-early (IE)1\2 transcriptional control region (for a review see Meier & Stinski, 1996) . This element was chosen because it drives expression of the HCMV major IE genes (UL123-122 gene region) encoding the IE1 and -2 proteins that are apparently essential for regulation of both early and late viral gene expression (Iskenderian et al., 1996 ; Malone et al., 1990 ; Mocarski et al., 1996) . It is therefore likely that alterations in the function of this transcriptional control element could have an impact on replication of HCMV wildtype strains.
In order to perform a comparative functional analysis, the IE1\2 transcriptional control region was amplified by PCR from 12 wild-type strains of HCMV and cloned upstream of a reporter gene. Transient transfection analysis using five different cell types, including human teratocarcinoma cell lines, followed by quantification of RNA levels revealed a high degree of conservation in the constitutive activity of this ciselement, which was also reflected by strong nucleotide sequence conservation. type strains of HCMV. As a control, amplification of the corresponding regions from cosmid pCM1054 and from DNA of cells infected with laboratory strain AD169 was performed in parallel (Fleckenstein et al., 1982) . PCR was performed in a total volume of 50 µl and buffer conditions were as recommended by the supplier. Primers ME5h and ME3h (50 pmol each), which contain recognition sites for the restriction endonucleases SalI and Asp718, were added to the reaction mixture which contained 1 µg total DNA. Thirty-five cycles of amplification were performed (annealing, 55 mC for 40 s ; elongation, 72 mC for 3 min ; denaturation, 94 mC for 40 s). After purification of the amplification products of ME5h-ME3h, as described previously , and cleavage with SalI and Asp718, fragments were cloned into the Bluescribe vector (Stratagene). DNA sequence analysis of part of the enhancer or modulator region was performed using a T7 sequencing kit (Pharmacia) and primers MSEQ1, MSEQ2, ENH-A-SEQ, ENH-AREV-SEQ, ENH-B-SEQ and ENH-BREV-SEQ (Fig. 1 ). All sequence coordinates are given relative to the IE1\2 transcription start site. The region from k990 to k781 was sequenced in all isolates investigated. The region from k780 to k460 was sequenced in isolates 1, 2, 4 and 5. In order to construct a β-globin reporter plasmid suitable for subcloning of the IE1\2 transcription control region, plasmid OVEC-Ref (Westin et al., 1987) , containing a β-globin gene with a small deletion around the transcription initiation site, was modified in three steps. (i) A unique recognition sequence for Asp718 was destroyed by filling-in with Klenow enzyme. (ii) The SV40 enhancer and the β-globin promoter contained within OVEC-Ref were removed by digestion with SstI and PstI. (iii) Unique recognition sequences for SalI and Asp718 were created upstream of the β-globin gene by insertion of the double-stranded oligonucleotides MOV and Asp718-Li, resulting in plasmid pHM313 (see Fig. 3 ). To subclone the IE1\2 transcriptional control region of various HCMV strains, the respective fragments were excised from the Bluescribe vector by SalI and Asp718 and inserted into pHM313. All plasmid constructs were confirmed by DNA sequence analysis. Transfection, RNA isolation and quantitative S1-nuclease analysis. For transient expression experiments, HFFs, U373, HeLa, Tera-2 and NT-2\D1 cells were transfected by the calcium phosphate coprecipitation procedure using BES (Ausubel et al., 1989) . Reporter plasmids containing the IE1\2 transcriptional control region upstream of the β-globin reporter gene were co-transfected with the internal reference plasmid SV-OVEC, which was included as a control for transfection variation (Westin et al., 1987) . HeLa cells were transfected with 1 µg reporter plasmid and 1 µg SV-OVEC. For U373 cells, 6 µg reporter plasmid and 7 µg SV-OVEC were used, whereas HFFs were transfected with 5 µg reporter plasmid and 12 µg SV-OVEC. For transfection of Tera-2 and NT-2\D1 cells, 3 µg reporter plasmid and 3 µg SV-OVEC were used. Each transfection was performed at least in triplicate. Isolation of total cellular RNA from transfected cells was performed as described previously . For quantitative S1-nuclease analysis, a single-stranded oligonucleotide probe (S1-probe), extending between positions k18 and j75 of the rabbit β-globin gene, was labelled by using [γ-$#P]ATP and polynucleotide kinase (Westin et al., 1987) . RNA was denatured at 80 mC and hybridized with the probe (50 000 c.p.m.) overnight at 30 mC in 10 µl hybridization buffer (80 % formamide, 40 mM PIPES pH 6n4, 400 mM NaCl, 1 mM EDTA). Digestion of single-stranded RNA and\or single-stranded DNA was performed for 1 h at room temperature with 150 U S1 nuclease in S1 buffer (0n25 M NaCl, 30 mM sodium acetate, 1 mM ZnSO % , 13 µg\ml herring sperm DNA, 10 µg\ml single-stranded calf thymus DNA). After phenol-chloroform-isoamyl alcohol (25 : 24 : 1) extraction and ethanol precipitation, samples were analysed on a 10 % polyacrylamide-7n5 M urea gel. Signals were first visualized by autoradiography and then quantified using a Fuji BAS2000 phosphorimager with the TINA 2.0 software package. Quantification was performed for at least three independent experiments.
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Results and Discussion
To date, it is not known whether the nucleotide sequence polymorphism described for certain regions of the HCMV genome influences the function of cis-acting elements or encoded proteins. We decided to investigate this for the IE1\2 transcriptional control region, since it drives the expression of regulatory proteins believed to be essential for progression of the virus replicative cycle, and variations in the function of this cis-acting element might therefore effect the entire replicative cycle of HCMV. DNA was isolated from 12 clinical isolates of HCMV derived from various sources (Table 1) . Strains 1 to 8 were obtained from individual patients, whereas strains 9 to 13 were isolated over a period of 5 months from a newborn with congenital HCMV infection excreting high amounts of virus in the urine. Strains 9 to 13 were included in order to assess the variability of HCMV in a single patient with high virus load. Nucleotide sequence polymorphism for selected regions of the UL58 and UL100 genes and part of the IE1\2 enhancer region of strains 1, 2, 4 and 5 has been documented in a previous
Comparison of nucleotide sequences of (a) part of the modulator region (positions k990 to k781) and (b) the unique region (positions k780 to k460) from the laboratory strain AD169 with those of clinical isolates. Dots indicate identity to the AD169 prototype sequence. Locations of binding sites for MBF-1 and nuclear factor NF-1 and SRE-, 21 bp-and 19 bp-repeat elements are indicated by shading. PCR AD169 Ovec, amplification product derived from laboratory strain AD169 ; PCR PCM1054 Ovec, amplification product derived from cosmid clone pCM1054 ; PCR 1-13 Ovec, amplification products derived from wild-type strains 1-13. study (Lehner et al., 1991) . In addition, the gB genotype of all strains under investigation was determined, which revealed that all four described gB genotypes were represented (Chou & Dennison, 1991) (Table 1) .
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The primer sequences for the amplification of the IE1\2 transcriptional control region from wild-type strains of HCMV were designed in such a way that the amplification products contained regions known from previous studies to be functionally important (Fig. 1) ; the upstream primer bound at position k1974, thereby including the so-called modulator upstream of the enhancer and promoter region. Several published reports indicate that the modulator element can repress the transcriptional activity of the IE1\2 enhancer\ promoter in a cell type-dependent manner when investigated by transient transfection or by in vitro transcription experiments Lubon et al., 1989 ; Nelson et al., 1987 ; Shelbourn et al., 1989) . The downstream primer bound at position j966, within exon 2 of the IE1\2 gene. Exon 1 and intron 1 of the IE1\2 gene were included because a positive effect of this element on expression from the IE1\2 enhancer\ promoter has been demonstrated (Chapman et al., 1991) . After PCR and agarose gel electrophoresis, discrete amplification products of approximately 3 kbp were obtained that were cloned into the Bluescribe vector. No variation in length between individual wild-type strains could be observed, arguing against major deletions or insertions within the amplified region (data not shown). As a control, the corresponding region from HCMV strain AD169 was amplified and cloned in parallel by using DNA of HFFs infected with strain AD169 and DNA from cosmid clone pCM1054 (Fleckenstein et al., 1982) .
We have previously observed high nucleotide sequence conservation for the enhancer and promoter element of the IE1\2 transcriptional control region (Lehner et al., 1991) . In order to elucidate whether this is also true for the upstream modulator element, part of the modulator sequence, including the MBF-1 binding site, was determined for the various wildtype strains under investigation (Shelbourn et al., 1989) (Fig.  2 a) . Sequence analysis of these regions amplified from cosmid clone pCM1054 or from DNA of HFFs infected with HCMV strain AD169 revealed no deviations from the published AD169 sequence, confirming the high fidelity of the Vent DNA polymerase used for PCR amplification. When the sequences obtained from clinical isolates were compared to the prototype sequence of strain AD169, a high degree of identity was obvious. Two isolates (7 and 8) were identical in sequence to AD169, whereas strains 1 to 6 differed from each other by several nucleotide substitutions, which occurred in part at conserved positions. No sequence variation could be observed between strains 9 to 13, which were isolated over a period of 5 months from one individual with high virus load. However, these strains could be clearly differentiated from all other DAED G. Sorg and T. Stamminger G. Sorg and T. Stamminger isolates due to the presence of five unique sequence deviations. This could be taken as evidence for a low mutation rate of HCMV wild-type strains, at least within this region of the viral genome. In addition, the nucleotide sequence of the so-called unique region of the IE1\2 transcriptional control element was determined for strains 1, 2, 4 and 5 (Fig. 2 b) , since the enhancer sequence of these strains had been determined in a previous study (Lehner et al., 1991) . This revealed a slightly higher sequence variation in comparison to the enhancer or modulator : whereas identities of the enhancer or modulator region were between 98n6 and 99n2 %, sequence variation of up to 7n6 % was observed in the region between positions k780 and k610, containing three previously characterized binding sites of nuclear factor NF-1. In order to compare the activities of the various IE1\2 transcriptional control regions we decided to quantify RNA levels, since this is thought to be a direct measurement of transcriptional activity. The β-globin gene was chosen as a reporter for this experiment. In order to construct a reporter plasmid (subsequently termed pHM313) suitable for subcloning of the fragments amplified from HCMV wild-type strains, the β-globin expression vector OVEC-Ref was modified by deletion of the SV40 enhancer\β-globin promoter and insertion of unique recognition sequences for SalI and Asp718 upstream of the β-globin gene (Westin et al., 1987) (Fig. 3 a) . OVEC-Ref, containing a small deletion in the β-globin gene around the transcription start site, was used because it allows co-transfection of plasmid SV-OVEC, which encodes a fulllength β-globin gene, as an internal standard for transfection variation. Transcripts from both plasmids can then be quantified simultaneously by S1-nuclease analysis using the same probe. As a next step, the IE1\2 regulatory region amplified from cosmid pCM1054 was inserted into the modified OVECRef, resulting in plasmid PCRpCM1054Ovec. The feasibility of this approach was tested by transfection of HeLa cells with a constant amount of reference plasmid SV-OVEC together with increasing amounts of plasmid PCRpCM1054Ovec (Fig.  3 b) . This was done in order to optimize the ratio of reference to reporter plasmid. After RNA extraction and S1-nuclease analysis, signals corresponding to sizes of 75 and 56 nt could be detected. Whereas the 75 nt signal corresponding to RNA from SV-OVEC was constant, a clear increase in signal intensity could be observed for the 56 nt product corresponding to RNA from plasmid PCRpCM1054Ovec (Fig. 3 b, lanes 3-7) . Since the quantification of signals using a phosphorimager is more precise for signals of apparently equal intensity, the transfection conditions of the sample in lane 5 were chosen for further experiments with HeLa cells. Similar optimization experiments were performed for transfection of U373, HFF, Tera-2 and NT2\D1 cells (data not shown). In summary, this system proved to be suitable for the precise quantification of RNA levels.
In order to compare the constitutive activity of the IE1\2 transcriptional control regions from wild-type strains of HCMV, DNA fragments were excised from the Bluescribe vector and subcloned into the modified OVEC-Ref vector. The resulting constructs were then used for co-transfection of various cell types together with plasmid SV-OVEC, which was used for internal standardization of transfection variation. After extraction of total cellular RNA, β-globin RNA levels were determined by S1-nuclease analysis followed by quantification of the resulting signals using a phosphorimager (Fig.  4) . All transfections and quantifications were performed at least three times in order to assess the variation of measurement. In the first instance, the IE1\2 transcriptional control regions were compared after transfection of non-permissive HeLa cells (Fig. 4 a, b) , since they are known to support high constitutive activity from the IE1\2 enhancer\promoter (Shelbourn et al., 1989 ; Boshart et al., 1985) . As shown in Fig. 4 (b) , we could not detect a deviation of more than 25 % from the activity of the HCMV strain AD169 element (taken as 100 %) for any of the elements amplified from wild-type isolates. Since this was within the range of variation of the test system, we do not consider this to be significant. This experiment was repeated for permissive U373 cells and HFFs (Fig. 4 c-f ). Again, no major variation could be detected in the constitutive activity of the IE1\2 transcriptional control regions under investigation.
Human teratocarcinoma cell lines have been shown to be particularly sensitive to deletions within the region upstream of the IE1\2 enhancer (Lubon et al., 1989 ; Nelson et al., 1987 ; Shelbourn et al., 1989) . Since we wanted to determine whether the variations detected could influence expression levels in these cells, additional transfection experiments were performed using Tera-2 and NT-2\D1 cells together with constructs containing the IE1\2 transcriptional control regions of strains 1, 2, 4, 5 and the reference strain AD169 (Fig. 5) . Although a slightly higher activity of the strain 4 region could be observed after quantification of RNA levels in three independent experiments (Fig. 5 b, d ), the strong overall functional conservation of this transcriptional control region was evident even in teratocarcinoma cells.
In a previous study we determined the nucleotide sequence of the IE1\2 enhancer region of five HCMV wild-type strains (Lehner et al., 1991) . This revealed a high degree of sequence conservation, with only a few scattered substitutions. However, because of the high density of known and as yet unknown protein binding sites within this regulatory region, we were not able to exclude an effect of some of these nucleotide variations on enhancer function. This earlier study has now been extended (i) by analysing additional HCMV wild-type strains, (ii) by including several regions with known or suspected roles in transcriptional regulation and (iii) by performing a comparative analysis of the transcriptionenhancing function of the various cis-elements. The data DAEF
